Magnetic susceptibility and neutron powder diffraction experiments have been performed on the noncentrosymmetric ternary compound Pr 5 Ru 3 Al 2 . The previously reported ferromagnetic transition at 24 K was not detected in our improved quality samples. Instead, magnetic ordering was observed in the DC magnetic susceptibility at T N ≃ 3.8 K. Neutron powder diffraction further indicates that an incommensurate magnetic structure is established below T N , with the magnetic modulation vector q ≃ (0.066, 0.066, 0.066) (r.l.u.). A candidate for the magnetic structure is proposed using the representation analysis.
the earlier measurement is 4.2 K, and no detailed information is available for the magnetic behavior at lower temperatures.
In this study, we undertook the DC magnetization measurements in the wider temperature range 1.9 K < T ≤ 300 K. The sample used in this experiment has greatly improved quality. Using the high quality sample, we found that the ferromagnetic transition at 24 K reported earlier is extrinsic, and indeed Pr 5 Ru 3 Al 2 shows magnetic ordering at the further lower temperature T N ≃ 3.8 K. We also performed neutron powder diffraction and confirmed a formation of the incommensurate magnetic structure below T N with the very small magnetic modulation vector q ≃ (0.066, 0.066, 0.066) (r.l.u.). This indicates that Pr 5 Ru 3 Al 2 is a rare example of 4f -electron-based cubic noncentrosymmetric compounds with the long wavelength magnetic modulation, being closely related to its 3d analogue MnSi. 16) Polycrystalline samples of Pr 5 Ru 3 Al 2 were synthesized from constituent elements Pr (99.9 at.%), Ru (99.95 at.%) and Al (99.99 at.%) by arc-melting in an Ar atmosphere. 15) The as-cast samples were sealed into quartz tubes with 0.3 atm of Ar gas, and annealed at 650
• C for 400 h. Quality of the annealed samples was checked by a SEM (HITACHI, SU6600) with energy dispersive X-ray analysis (EDX). The DC magnetization was measured between T = 1.9 K and 300 K under the external magnetic fields H = 500 Oe, 1000 Oe and 20000 Oe using a superconducting quantum interference device magnetometer (Quantum Design, MPMS-XL5).The zero-field cooling (ZFC) protocol was used for the magnetization measurement.
Neutron powder diffraction experiment was performed using the high-resolution powder diffractometer ECHIDNA 17) of the Australian Nuclear Science and Technology Organization.
Neutrons with the wavelength λ = 2.4395 Å were selected by a monochromator using the Ge 331 reflections. The powdered sample was loaded in a vanadium can, and was set in the standard ILL-type Orange cryostat. Diffraction patterns were taken at 300 K, 10 K, 3 K, and 1.5 K under zero magnetic field. The Rietveld refinements were performed for the obtained data using the FULLPROF suite. 18) Visualization of the crystal and magnetic structures was done using the VESTA software. 19) The back scattered electron image (BEI) of the annealed sample together with the composition analysis results by EDX, is shown in Fig. 1(a) . According to the EDX result, the main phase of the annealed sample is Pr 5 Ru 3 Al 2 , whereas a small amount of contaminating Pr 3 Ru 4 Al 3 phase was detected. Temperature (T ) dependence of the magnetic susceptibility (χ) for the annealed sample is shown in Fig. 1(b) . The susceptibility shows a paramagnetic increase as temperature decreases, which can be seen as the usual linear behavior in the inverse susceptibility shown in the inset of Fig. 1(b) . The high temperature part of the data was fitted using the modified Curie-Weiss law:
For the fitted temperature range 100 K < T < 300 K, we obtained the optimum parameters as: χ 0 = 2.4(2) × 10 −4 emu/mol, C = 1.57(1) (emu·K)/mol, and θ W = −9.6(4) K. The value of the Curie constant C corresponds to the effective magnetic moment 3.5(1) µ eff , which is very close to the value of free Pr 3+ ion (3.58 µ B ). This indicates that the magnetic moments are dominantly carried by the Pr 3+ ions with negligible contributions from the Ru atom. These results are consistent with the earlier study. 15) At the lower temperature T = 24 K, the earlier study detected ferromagnetic ordering. This ordering was not observed in our annealed sample. Instead, ordering behavior was observed at the further lower temperature 3.8 K under the external field H = 500 Oe. This ordering is strongly magnetic field dependent, and was observed at 3.25 K under H = 1000 Oe.
To elucidate the origin of the ferromagnetic ordering reported earlier, we performed sim- Table I . Refined atomic positions at 300 K and 10 K. The space group is I2 1 3. 58 reflections were used in the refinement with 9 adjustable parameters. For T = 300 K, the lattice constant, the cell volume, and the calculated density of the cell are a = 9.79542(4) Å, V = 939.874(7) Å 3 , and ρ = 7.1596 g/cm 3 . The R-factors are: To study the microscopic spin structure in the low-temperature-ordered phase of Pr 5 Ru 3 Al 2 , we performed neutron powder diffraction measurements at 300 K, 10 K, 3 K and 1.5 K using the annealed sample. The resulting diffraction patterns are shown in Fig. 3(a) .
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For the patterns observed at the paramagnetic temperatures, we performed the Rietveld refinements using the existing structural model with the space group I2 1 3. The result is also shown in Fig. 3(a) . Reasonable agreements were seen between the observed and calculated patterns, as evidenced by the difference shown in panels of the data at 300 K and 10 K, indicating the correctness of the existing structure model. Unknown impurity peaks were found in the diffraction patterns, however the strongest impurity peak was 20 times smaller than that of the main phase. In this experiment, we used the relatively long wavelength λ = 2.4395
Å to study magnetic reflections in the low-Q region in detail. Hence, we could not obtain reflections in the high-Q region. Therefore, the isotropic atomic displacement parameter U iso was not reliably determined in the present Rietveld analysis. Table I summarizes refined crystallographic parameters.
At further lower temperatures, magnetic reflections start to develop, and become clearly visible at 3 K and 1.5 K. Inset of Fig. 4(a) shows the magnified view of the diffraction patterns in the lower 2θ range measured at 10 K and 1.5 K. Clearly, the 1.5 K data show extra reflections which were not observed at 10 K. The results are consistent with the DC magnetic susceptibility measurement where the transition was observed at T N ≃ 3.8 K at low external magnetic field. Magnetic satellite reflections were observed in the vicinity of nuclear reflections. This clearly indicates that magnetic ordering is neither simple ferromagnetic nor antiferromagnetic, but incommensurately modulated with a long modulation period. Under the cubic symmetry, the eight satellite reflections at (±δ, ±δ, ±δ) around the 110 nuclear peak appear as three reflections at 
modulation with the length of ∼ 90 Å. We, therefore, conclude that a very interesting long wavelength incommensurate magnetic structure is formed in this Pr compound.
To find a possible microscopic model for the magnetic structure, the magnetic representation analysis [20] [21] [22] was performed using the paramagnetic space group I2 1 3 and determined magnetic wave vector q = (δ, δ, δ). For the symmetry operations of the k-subgroup with q = (δ, δ, δ), the crystallographically equivalent Pr1(12b) sites become inequivalent, and two orbits (orbit 1 and orbit 2) are formed. Similarly, the Pr2(8a) sites split in the two orbits (orbit for the different orbits can be selected independently. Therefore, the initial model structure should be linear combinations of the BVs in a IR, with independent phases (and amplitudes) for different orbits. However, the number of the magnetic reflections observed experimentally is not enough to refine all the parameters in this general model. Therefore, we further assume that a single BV is selected for each orbit for the sake of simplicity. Using this assumption, a trial function for the spin structure analysis may be written as:
where S(l, j, i) stands for the magnetic moment at the j-th atom of the i-th orbit in the l-th unit cell. ψ j n(i) is the n-th BV for the j-th atom of the i-th orbit, and given in Table II , whereas, C i and φ i are the amplitude and phase for the BVs for the atoms in the i-th orbit. c.c. stands for complex conjugate. Since we assume that the magnetic structure belongs to a single IR, we select all the four BVs, {ψ n(1) , ψ n(2) , ψ n(3) , ψ n(4) }, from those belonging to a single IR. For all the combinations of {ψ n(1) , ψ n(2) , ψ n(3) , ψ n(4) }, we refined C i=1, 2, 3, and 4 and φ i=2, 3, and 4 using the Rietveld refinement technique. (For the incommensurate structure, only relative values of phases are determined. Thus, we fixed φ 1 = 0 and refined other phases.) As a result, the best fit was obtained for the Γ 2 IR, with the BVs being {ψ 4 , ψ 5 , ψ 4 , ψ 6 }, i. e. , n(1) = 4, n(2) = 5, n(3) = 4, and n(4) = 6. The optimum amplitudes and phases are accordingly C 1 = −2.5(3) µ B , (3) , and φ 4 = −0.24 (3) . The result of the refinement is shown in Fig. 4(a) . The R-factor for this result is R p ∼ 17.3 %, whereas the magnetic R-factor R mag ∼ 31.5 %. It may be noted that the obtained amplitudes C i do not exceed the effective magnetic moment of free Pr 3+ ion 3.58 µ B .
This structure is depicted in Fig. 4 (b) for a half of the unit cell.
The total magnetic moment for each orbit, defined as:
can be calculated as:
where X i (l) = q · R l + R j∈orbit i + 2πφ i , qR i =, and A = 2π/3. It can be seen from the above results that the size of the total magnetic moment is constant, and that its direction is always perpendicular to q, i. e., m i ⊥q. Hence, the proposed magnetic structure can be seen as a variation of a helical spin structure by regarding each orbit as a unit block of the magnetic structure. The spatial dependence of the total magnetic moment m 1 is shown in Fig.4(c) .
Also the other m i 's rotate in the same direction. Here, we refer to this magnetic structure as the block helical structure. It should, nevertheless, be noted that this block helical nature of the orbit 1, 2, and 4 originates from the selection of the single BV for each orbit, and hence mixing of other BVs will degrade the ideal helical rotation of the total magnetic moment. We think that the selection of the single BV is a reasonable assumption as a first approximation, nonetheless, further single crystal neutron diffraction is apparently necessary to check this assumption. It should be further noted that, although the total moment exhibits helical rotation, the size of single Pr magnetic moments modulates sinusoidally as | cos(X i (l) + B)| where B = 0, 2π/3, or − 2π/3 except for the orbit 3. Hence, magnetic moments may be vanishingly small on some sites. These sites may be thermodynamically unstable at lower temperatures, and the system may show a further phase transition to a commensurate structure. Lower temperature magnetization study below 2 K is desired to check this possibility. For the orbit 3 there is only one atom on the [111] axis, and the magnetic moment is helically modulated, i.
e., S(l, 1, 3) = m 3 (l).
The incommensurate magnetic structure is not rare in the rare-earth magnetism, such as those found in Tb, Dy, Ho, Er, and Tm. 23 determined to be q = (0, 0, 0.8) using neutron diffraction. In contrast to those uni-axial compounds, the present Pr 5 Ru 3 Al 2 has the much longer modulation period, being closer to the ferromagnetic order. Together with its crystallographic cubic structure, Pr 5 Ru 3 Al 2 is much closely related to its 3d analogue MnSi. 16) In summary, we have performed the DC magnetization and neutron powder diffraction measurements in the ternary compound Pr 5 Ru 3 Al 2 . The ferromagnetic transition reported earlier was attributed to the impurity phases, and instead we found the new anomaly in the DC magnetization measurement at the lower temperature T N ≃ 3.8 K. Our neutron powder diffraction experiment confirmed that an incommensurate magnetic structure is established below T N with the long modulation period characterized by the modulation vector q = (δ, δ, δ), where δ ≃ 0.066 (r.l.u.). Using the magnetic representation analysis, we propose a candidate for the incommensurate magnetic structure. This is a rare example of long period modulated structures in the cubic rare-earth compounds.
